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tegrated transcriptional control with the chromatin infrastructure within which DNA is packaged. Central to this integration is the recognition that co-repressor complexes exist that interact with sequence-specific DNA-binding proteins, methylCpG-binding proteins, nucleosomal histones and the basal transcriptional machinery.
Recent progress indicates that co-repressors use redundant pathways for directing repression. These pathways involve effects on the sequestration and function of basal transcription factors as well as the targeted modification of chromatin structure. Co-repressors exist that contain enzymic components that function as nucleosomal ATPases, together with deacetylases that remove the acetyl group from lysine residues in both histones and transcription factors. These same corepressors also contain components that can associate with sequence-specific transcriptional regulators. Therefore to understand how co-repressors might function we have to briefly introduce current concepts of chromatin assembly and structure together with the assembly and use of the basal machinery. Most importantly we have to illustrate how nucleosomes and chromatin structure in-fluence trans-acting factor access to DNA and the incompatibility of the basal machinery associating with DNA when binding sites are occupied by histones under particular circumstances. These restrictions can be overcome with the targeting of chromatin remodelling complexes and histone acetyltransferases.
Histone tail acetylation and transcriptional activation
It has been known for some time that histone acetylation is intimately connected with transcriptional regulation. However, a direct link between chromatin function and acetylation was established by the discovery that coactivator complexes required for transcriptional activation function as histone acetyltransferases Activator-dependent targeting of histone acetylase activity has been recapitulated in oitro [5]. With so much attention currently focused on the specific histone acetyltransferases, it is important to note that acetylation generally is a much more global process than is often implied. How whole domains are targeted for acetylation in metazoan chromosomes remains to be resolved [6]. Histone acetylation states are very dynamic, with the acetylated lysine residues of hyperacetylated histones turning over rapidly with half-lives of minutes within transcriptionally active chromatin, but much less rapidly for the hypoacetylated histones of transcriptionally silent regions [7] . The dynamics of histone acetylation provide an attractive mechanistic foundation for the reversible activation and repression of transcription. It should also be noted that many transcriptional regulators, including components of the basal transcriptional machinery, are also acetylated [8-lo]. Thus acetylation, acetyltransferases and deacetylases have diverse consequences aside from effects on chromatin.
Although the exact mechanism by which acetylation affects the biophysical properties of chromatin remains somewhat undefined, it is clear that acetylation of the core histone N-termini affects the transcriptional properties of chromatin at several levels of chromatin structure. Acetylation can facilitate the binding of transcription factors to their recognition elements within isolated nucleosomes [l 13. Interestingly, the level of histone modification required to facilitate the transcription process is relatively low; a total of 12 acetylated lysine residues per histone octamer (out of 28 potential acetylated lysine residues) promotes transcription in oitro more than 15-fold. This level of modification decreases chromatin compaction to the same extent as proteolytic removal of the Ntermini [18], again suggesting that the primary consequence of hyperacetylation is to decrease the interaction of the tails with the other components of chromatin including nucleosomal DNA, linker DNA and the histones of adjacent nucleosomes. However, the level of charge neutralization necessary to facilitate the destabilization of higher-order structure in chromatin is so low that other struc-tural features must amplify the consequences of acetylation. These might include alterations to secondary structure in the tail domains and/or changes in the association of the tails with other non-histone proteins. Acetylation of the histones probably serves to illuminate particular nucleosomes and/or segments of chromatin for interaction with other chromatin-remodelling factors or components of the transcriptional machinery. The potential combination of direct chromatin structural transitions and the modulation of protein-protein interactions after acetylation or deacetylation of the histone tails provides a powerful means of regulating transcription.
Targeted chromatin remodelling in transcriptional repression
Several targets within chromatin and the basal machinery are excellent candidates for the regulation of transcription. From the perspective of chromatin, modifications that restrict nucleosome mobility such as regulatory complexes that bind the core histone tails, and the inclusion of linker histones or methyl-CpG-binding proteins that associate with nucleosomal DNA across the major groove, are all expected to inhibit transcription [2&22] . Similarly, deacetylation of the core histone tails leading to the stabilization of mononucleosomes and higher-order chromatin structures are expected to be repressive. In both instances repression follows from erasure or occlusion of the basal machinery from DNA within a chromatin environment [23-251. With regard to the basal transcriptional machinery, the most direct mechanism through which a co-repressor might work is to interfere with the recruitment of TATA-box binding protein (TBP) to the TATA boxor withTFIIB andTFIIA to theTBP-TATA box complex. This interference could involve occlusion of the TATA box through the action of DNA-binding proteins within the co-repressor complex, through the modification of chromatin or through the action of ATPases that destabilize protein-DNA interactions [26] . Alternatively, the recruitment of TBP, T F I I B and T F I I A as well as any other component of the pre-initiation complex might be impeded by protein-protein interactions with components of the co-repressor complex [27, 28] . Evidence exists for all of the mechanisms operating in particular promoter contexts.
Remarkable progress has been made in elucidating the molecular nature and activities of transcriptional co-repressor complexes [29-3 13. The composition of the complexes is still being studied and, as with many modular proteins, it is probable that different combinations of subunits with distinct properties exist. Two major classes of co-repressor complexes have been defined containing one of the proteins SIN3 or Mi-2 [29, 30] . SIN3 exists in association with many different proteins, whereas Mi-2 exists in a more defined complex. Both the SIN3 and Mi-2 corepressor complexes share common subunits in the RbAp48 and histone deacetylase (or HDAC) proteins.
The molecular mechanisms by which the unliganded thyroid hormone receptor makes use of chromatin to augment transcriptional repression involve mSIN3 and histone deacetylase [32] . The unliganded thyroid hormone receptor and retinoic acid receptor bind a co-repressor NCoR [33] . NCoR interacts with SIN3 and recruits the histone deacetylase [32] . Transcriptional repression conferred by the unliganded thyroid hormone receptor in Xenopus oocytes [34, 35] can be alleviated by the inhibition of histone deacetylase with Trichostatin A [36] , which is indicative of an essential role for deacetylation in establishing transcriptional repression in a chromatin environment. In interesting contrast with the transcriptional repressor Mad/Max [32], unliganded, T R targets a distinct form of the N-CoR co-repressor complex that contains HDAC3, and does not include Sin3 or HDACl [36a] .
The addition of thyroid hormone to the chromatin-bound receptor leads to the disruption of chromatin structure [34, 35] . Chromatin disruption is not restricted to the receptor-binding site and involves the reorganization of chromatin structure in which targeted histone acetylation by such activators as p300, CREB-binding protein (CBP) and p300/CBP-associated factor (P/CAF) have a contributory role [9, 10] . It is possible to separate chromatin disruption from productive recruitment of the basal transcription machinery in vivo by the deletion of regulatory elements essential for transcription initiation at the start site and by the use of transcriptional inhibitors [34, 37] . Chromatin disruption is therefore an independent hormone-regulated function targeted by DNAbound thyroid hormone receptor. This disruption of chromatin is a necessary pre-emptive step to allow the targeted histone acetyltransferases to activate transcription.
It is remarkable how effectively the various functions of the thyroid hormone receptor are mediated through the recruitment of enzyme complexes that modify chromatin. These results by direct contacts that SIN3 or associated proteins provide compelling evidence for the productive such as NCoR make with components of the basal use of structural transitions in chromatin as a transcription machinery [27,28]. For example, regulatory principle in gene control. The inhibiboth SIN3 and NCoR interact with TFIIB, tory roles that SIN3 might exert through the thereby impeding the basal function of the tranrecruitment of histone deacetylase are augmented scription complex. Biochemical fractionation of SINS-containing complexes from animal cells yields many different complexes [23, 38] . Immunoprecipitation experiments generate complex mixtures of proteins containing SIN3 whose exact relationship to each other is difficult to decipher. However, a common recurrence is the presence of RbAp48 as a complex with histone deacetylase [29, 30] . This association offers substantial insight into how the deacetylase activities of SIN3-containing complexes might function. In particular, it provides a potential explanation of why transcriptional repressors such as the thyroid hormone receptor function much more effectively during, rather than after, chromatin assembly.
RbAp48 does not seem to be capable of gaining access to its interaction site within H4 when assembled into nucleosomes [39+1]. Other endogenous proteins or chromatin remodelling events might be required to allow the access of RbAp48 complexed with the HDAC RPD3/ HDACl to chromatin in oivo. The ability of RbAp48 to bind to H4 in the absence of H3 [41] indicates that an RPD3-RbAp48 complex might recognize and deacetylate histones during their assembly into chromatin in vivo. An attractive model is that RPD3-RbAp48 might modify histones during nucleosome assembly on DNA templates. Successive replacement of the histone acetyltransferase Hatlp by CAF-1 followed by the histone deacetylase, all of which contain RbAp46, RbAp48 or homologues and interact with core histone H4, might facilitate this process ( Figure  1A) .
One prediction of this model is that SIN3-containing complexes targeted by diverse sequence-specific DNA-binding transcriptional repressors might function most effectively to silence transcription during replicative chromatin assembly. This is true for the thyroid hormone receptor [35] . In this situation, DNA polymerase associated with the replication fork acts as a chromatin remodelling engine that disrupts histoneDNA contacts to facilitate histone deacetylase function. Other co-repressor complexes contain a chromatin remodelling engine as an integral component.
The Mi02 complex: a unison of remodelling and repression
The major single form of co-repressor complex containing the RbAp48-HDAC proteins is the Mi-2 complex. The Mi-2 complex consists of six polypeptides [42, 43] , the largest of which is the Mi-2 protein itself. Mi-2 is a nucleosomal ATPase of the SWI2/SNF2 family. Mi-2 and associated proteins are also components of the NuRD or NRD complex. The NuRD/NRD complex is a much more heterogenous mixture of up to 40 proteins [44] [45] [46] . The connection between chromatin remodelling and histone deacetylation again offers insight into how co-repressors might function.
In this context, Mi-2 presumably has to disrupt the nucleosome to permit the access of RbAp48 to the histone-fold domain of histone H4. This domain normally lies sequestered inside the coils of nucleosomal DNA. RbAp48 interacts with histone deacetylase directly and enhances enzymic activity, presumably by tethering the deacetylase next to the target site for deacetylation at the Nterminal tail of histone H4. The Mi-2/NuRD deacetylase complex resolves a paradox : the histone deacetylase catalytic subunit will modify free histone with low efficiency but is without effect on nucleosomal histone. In the presence of ATP, the Mi-2 nucleosomal ATPase facilitates the deacetylation of nucleosomal histone. This is presumably because the SWI/SNF nucleosomal ATPase destabilizes histoneDNA interactions to allow RbAp48 to gain access to histone H4 ( Figure  1B) .
In Xenopus eggs, the Mi-2 complex consists of six polypeptides: MBD3, which is a methylCpG-binding protein, the histone-binding protein RbAp48, histone deacetylase, a 66 kDa GATA zinc-finger protein, a DNA-binding protein Mta 1 -like and the Mi-2 nucleosomal ATPase [42, 43] . These diverse polypeptides have an interesting set of properties that taken together as a complex provide significant insight into how DNA methylation can be associated with histone deacetylation. The presence of the Mta 1-like and MBD3 proteins stabilizes the interaction of the Mi-2 deacetylase complex with methylated nucleosomal DNA. This allows the Mi-2 complex to become stably embedded within the chromatin infrastructure that it is both remodelling and deacetylating.
The biochemical characterization of a chromatin remodelling and histone deacetylase complex that contains methyl-CpG-binding proteins provides mechanisms for DNA methylation to contribute to both the global repression of transcriptional noise and the targeted repression of genes. As with the histones, DNA methylation is not causal for specific gene control but greatly amplifies the range of transcriptional control that might be achieved (Figure 2 ). This amplification might follow from two phenomena: first, DNA methylation might encourage promoters that are destined for repression to become even more stably silenced than they would be by the association of chromatin with unmethylated DNA, and secondly, the more efficient exclusion of regulatory transcriptional activators and the basal transcriptional machinery from the vast bulk of non-productive sites in chromatin as a consequence of DNA methylation allows these factors to focus their attention better on the small fraction of potentially active promoters within the unmethylated CpG islands.
Conclusion
Our understanding of the molecular mechanisms of co-repressor function is still far from complete. Nevertheless, several common themes emerge. The co-repressor has to be targeted to a particular segment of regulatory DNA. Sequencespecific DNA-binding transcriptional repressors can accomplish this targeting. For example, nuclear hormone receptors can target the NCoR-SIN3 complex, Hunchback targets Mi-2, Hairy targets Groucho, and Pleiohomeotic potentially targets the Polycomb group complex. It remains to be resolved in many instances exactly how the DNA-binding transcriptional repressors gain access to chromatin. In certain instances, for example the nuclear hormone receptors, it is well established that these proteins can bind to their recognition elements even within a nucleosomal infrastructure; in other cases this hypothesis is unexplored. An attractive possibility is that many of these sequence-specific transcriptional repressors gain access to DNA immediately after replication when chromatin structure is immature [47, 48] . The presence of these repressors could permit the recruitment of co-repressors to modify chromatin while the structure is maturing. In this context the replication complex itself acts as a chromatin remodelling engine. This mode of action restricts decisions on co-repressor function to actively dividing cells. This might not be a problem in embryonic systems, where many of these interactions have been characterized, but presents impediments to be overcome in terminally differentiated cells that no longer divide.
The Mi-2 complex provides a solution to the need to remodel chromatin so as to assemble stably repressed structures. Here a chromatin remodelling engine is associated with the co-repressor complex. This chromatin remodelling capacity allows the abundant Mi-2 co-repressor complex to function in the absence of replication. The key to the requirement for chromatin remodelling is the need to facilitate the activity of the histone deacetylase present in all of the co-repressor complexes discussed here. The activity of the deacetylase enzyme is likely to be enhanced by stable association with RbAp48. This is a protein that binds to the core histones inside the turns of nucleosomal DNA. T o make contact with these histone domains, the RbAp48 protein must either encounter an immature nucleosome, as occurs for example during replication, or make use of a chromatin remodelling engine such as Mi-2 to destabilize nucleosomes. Chromatin remodelling, either through replication or through the activity of nucleosomal ATPases such as Mi-2, might also be necessary to integrate co-repressors stably into the chromosomal infrastructure. A final issue that is the focus of much current attention is the extent to which co-repressors function by similar pathways in normal development compared with pathological situations in disease. During development there are often many redundant pathways established to maintain transcriptional repression on particular chromosomal domains or chromosomes. For example, the inactive X chromosome in humans is repressed through having DNA sequences hypermethylated, histones hypoacetylated, incorporating unusual histone variants, tethering unusual structural RNA species and being late in replicating [49] . In pathological situations, such as when tumour suppressor promoters are methylated as a component of cancer progression, these redundant pathways might not operate. This might account for the relative ease of specific gene reactivation in response to drugs that inhibit DNA methylation or histone deacetylation [50] . It will be especially important to understand the mechanisms of corepressor complex function in the context of disease.
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